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ORIGINAL PAPERImpact of Defects on Electronic Properties of
Heterostructures Constructed From Monolayers
of Transition Metal DichalcogenidesVictor L. Shaposhnikov,* Anna V. Krivosheeva, and Victor E. BorisenkoElectronic properties of heterostructures composed of two single molecular
layers (monolayers) of MoS2, WS2, WSe2, and MoSe2 are ab initio simulated
with an emphasis to the stacking peculiarities and an influence of point
defects in their lattices. MoS2/MoSe2, MoS2/WS2, WS2/WSe2, and MoSe2/
WSe2 heterostructures with the monolayers shifted like in the bulk material
have been found to behave like semiconductors with the energy gaps of 0.88,
1.25, 1.06, and 1.07 eV, respectively. Such heterostructures possess indirect
gaps in contrast to individual monolayers, while direct-gap character is
preserved in two layer stacking variants in WS2/WSe2 heterostructures and
in MoS2/MoSe2 heterostructure with mirror stacking of the monolayers.
Vacancies and Te atoms substituting other chalcogen atoms reduce the band
gaps. The calculated orbital compositions of first direct band gap transitions
in the defect-free heterostructures and those with the point defects have
demonstrated d-electrons of Mo or W atoms to be mainly involved in the
transitions.1. Introduction
Engineering of new electronic devices with an improved
performance needs new materials and their based heterostruc-
tures. Two-dimensional crystals of semiconducting transition
metal dichalcogenides (TMDs) like MoS2, MoSe2, MoTe2, WS2,
and WSe2 have been recently shown to be very promising for
that.[1–7] They can be fabricated with different numbers of
molecular layers down to a thickness of one monolayer. That
allows fabrication of nanoscaled low-power field-effect transis-
tors,[1] logic circuits,[2] and phototransistors.[3–7] Recently, single-
layermaterials got great interest because of their optical properties
and prospects in nanophotonics.[8] While bulk MoS2, WS2, WSe2,
and MoSe2 are indirect-gap semiconductors,
[9,10]
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line monolayers of some TMDs.[11] That
makes them applicable in new optoelec-
tronic devices and sensors. However, two
and more monolayers of the same TMD
demonstrate an indirect-gap behavior.[12]
Experimentally observed indirect energy
gap (Eg) in bulk MoS2 ranges from 1.23
to 1.29 eV and Eg in WS2 is of about
1.35 eV[9,13] while monolayers of MoS2 and
WS2 have direct gaps of about 1.8 eV
[11,14]
and 2.4 eV,[15] respectively. Theoretical
calculations give gaps of 0.90–1.52 eV
(indirect gap) for the bulk of MoS2
and 1.72–1.86 eV (direct gap) in a MoS2
monolayer, respectively.[16–20] For WS2 the
gaps are 1.63 eV in the bulk material and
2.53 eV in one monolayer.[21]
Combination of the layers of different
TMDs gives a possibility to obtain a direct-
gap hybrid two-dimensional crystal.[12,22]
Such structures can be fabricated by means
of a layering technique from already formed monomolecular
layers or by their layer-by-layer chemical vapor deposition.[22]
In order to establish peculiarities of fundamental electronic
properties of two-dimensional heterostructures made of MoS2,
WS2, WSe2, and MoSe2 monolayers, we have ab initio
calculated electronic energy band structures of an extended
combination of the materials: MoS2/MoSe2, MoS2/WS2,
WS2/WSe2, and MoSe2/WSe2. An impact of the stacking
arrangement as well as vacancies and substitutional Te atoms
were analyzed.2. Computational Details
Fundamental electronic properties of the heterostructures
including electronic energy bands and densities of states
(DOS) were calculated using the PAW-LDA approximation[23]
within the density functional theory (DFT) realized in the VASP
code.[24] We analyzed freestanding heterostructures composed of
one monolayer of each material, namely MoS2/MoSe2, MoS2/
WS2, WS2/WSe2, and MoSe2/WSe2. We considered 2H phase
with the space group P63/mmc as the most stable polymorphic
modification for this class of hexagonal layered two-dimensional
crystals.[25]
The general view of the modeled structures is shown in
Figure 1. The stacking monolayers were arranged in two019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Figure 1. Side view of heterostructures with a mirror arrangement of monolayers (a) and arrangement of the monolayers with a shift typical for the bulk
material (b). Dark small balls represent metal atoms, light small balls stand for chalcogen atoms, big balls represent atoms of impurity or vacancies.
Table 1. Distances (Å) between the metal atom (Me) and the
chalcogen (X) atom in defect-free heterostructures, as well as between
the impurity Te atom and the metal and chalcogen atoms.
MoS2/MoSe2 MoS2/WS2 WS2/WSe2 MoSe2/WSe2
MoS2 MoSe2 MoS2 WS2 WS2 WSe2 MoSe2 WSe2
Defect-free structures
Ме-Х 2.39 2.49 2.39 2.39 2.40 2.50 2.50 2.51
Structures with an impurity atom
Те-Ме 2.72 2.71 2.71 2.72 2.73 2.71 2.71 2.72
Те-Х 3.29 3.27 3.23 3.23 3.29 3.27 3.33 3.33
www.advancedsciencenews.com www.pss-b.compossible ways: atoms of the upper layer were located above the
atoms of the lower layer in accordance with themirror symmetry,
or the layers were shifted relative to each other in a manner
analogous to that in the bulk material. An effect of point defects
was analyzed for the case of vacancies or Te atoms in the
positions of S or Se atoms.
The translational cell for all structures had 2 2 size and
included 8 metal atoms and 16 chalcogen ones. The arrange-
ment of the atoms corresponded to the mentioned above
hexagonal structure. One vacancy or one impurity atom was put
in one layer. The thickness of the vacuum spacer separating the
monolayers was chosen to be 15 Å.
Atomic relaxation via minimization of the total energy of the
heterostructures was performed by calculation of Hellmann–
Feynman forces and the stress tensor. It was stopped when the
forces acting on atoms became less than 0.01 eV Å1. The energy
cutoff was fixed at 380 eV. The 9 9 2 grid of Γ-centered points
was used. For representation of the electronic energy band
structure 30 k-points were chosen for each segment along high-
symmetry directions of the hexagonal Brillouin zone. The van
derWaals interaction between themonolayers was treated via the
correction proposed by J. Klimes,[26] known as optB86b-vdW
optimized exchange functional and implemented in the VASP
code. It provides the structural parameters to be very close to
experimental ones. The distance between the monolayers before
the relaxation corresponded to the interlayer distance in the bulk
material. 4p- (5p-) electronic states of Mo (W) were considered as
valence states. A similar approach has been already successfully
tested in the calculations for individual layers of MoS2, MoSe2,
WS2, and WSe2.
[16,17,27]
It should be noted here that calculations within the DFT
approaches without using the electronic self-energy corrections
usually underestimate band gaps with respect to the experimen-
tal ones. The value of such underestimation depends on the shift
of eigenvalues in the energy range analyzed due to the so-called
correlation effects. Nevertheless, we have previously obtained a
good agreement between experimental data and our theoretical
findings for TMDs employing the fact that the corresponding
eigenfunctions at the extrema points of the band structure are
mainly composed of d-electron states of the metal atoms.[16,17]Phys. Status Solidi B 2019, 1800355 1800355 (So, they undergo an almost equal shift. Properties of TMDs are
strongly influenced by excitonic effects, so the fundamental
energy gap of low-dimensional compounds cannot be directly
obtained from optical experiments because their optical gaps are
smaller than real gaps by the exciton binding energy.[19]
Nevertheless, the experimental data on the photoluminescence
of MoS2 layers agree with the theoretical prediction of
conversion from indirect to direct-gap semiconductor upon
moving from bulk to one monolayer.[14] Moreover, the structural
parameters obtained taking into account the van der Waals
interaction are much closer to the experimental values than the
results obtained within common DFT approaches without
considering this interaction.[21] Thus, the method we used can
be applicable for qualitative analysis and determination of gap
modifications under various conditions.3. Results and Discussion
The interatomic distances calculated after the lattice relaxation in
the heterostructures under consideration are presented in
Table 1. It is obvious that the distances are defined mainly by
chalcogen atoms whereas metal atoms have a very small impact
on the lattice. The stacking arrangement of the monolayers does
not affect the distances between the atoms inside the layers.© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 7)
Figure 2. Electronic energy bands in MoS2/MoSe2, MoS2/WS2, WS2/WSe2, MoSe2/WSe2 heterostructures with the mirror arrangement of the
monolayers (a) and with the monolayers shifted like in the bulk material (b). Zero on the energy scale corresponds to the Fermi level.
www.advancedsciencenews.com www.pss-b.comSubstitution of S or Se atoms by Te ones increases the distance
both to the nearest metal atom and to the nearest chalcogen one.
Figure 2a shows calculated electronic energy bands in the
heterostructures composed of MoS2, WS2, WSe2, and MoSe2
monolayers with the mirror stacking arrangements. In case of
combination ofMoS2monolayerwithMoSe2 orWS2 ones there is a
direct electron transition through thegapof 0.97 eV inMoS2/MoSe2
heterostructure while an indirect transition of 1.51 eV between the
Г- and K-points is found in MoS2/WS2 heterostructure. In WSe2
based couples WS2/WSe2 heterostructure has a direct transition of
1.04 eV at the K-point, while electronic bands in MoSe2/WSe2
heterostructure are characterizedby an indirect transitionof 1.38 eV
since the conduction bandminimum (CBM) is shifted from the K-
point in the direction to the M-point.
The electronic energy bands calculated for the heterostructures
with the shifted monolayers are presented in Figure 2b. These
heterostructures retain semiconducting properties, however,
indirect transitions become dominant. In MoS2/MoSe2 hetero-
structure the smallest energy gap is located between the Г- andК-
points and has the value of 0.88 eV. InWS2/WSe2 heterostructure
there is a quasi-direct gap of 1.06 eV. In this case, the CBM is
locatedat theK-point,while the valencebandmaxima(VBM)at the
K-andtheГ-pointshave identicalenergypositions.MoS2/WS2and
MoSe2/WSe2 heterostructures have indirect gap of 1.25 and
1.07 eV, respectively, between the Г-point and the point in theM-K
direction. The mutual influence of the bands from individual
layers could be traced through the dispersion of the bands.
Figure 3 illustrates totalDOSfor the twostackingarrangements
of the defect-freemonolayers and themonolayerswithTe impurity
in thesiteof chalcogenatoms.Theyare ingeneral similar for all the
structures considered, while there are some insignificant differ-
ences depending on the stacking arrangements of the layers.Phys. Status Solidi B 2019, 1800355 1800355 (Figure 4 presents a comparison of partial DOS in MoS2/
MoSe2 heterostructures with the mirror and shifted arrange-
ments of the monolayers. Their analysis showed: 1) the
electronic states near the Fermi level are determined by
d-electrons of the metal atoms with participation of s- and
p-electrons of the chalcogen atoms; 2) the shift of themonolayers
has no effect on the orbital composition; 3) the changes in
spectrum dispersion are mostly quantitative.
In order to study an effect of point defects on the energy bands
in the heterostructures, we put Te atom in the position of
chalcogen one in each layer of MoS2/MoSe2, MoS2/WS2, WS2/
WSe2, and MoSe2/WSe2 heterostructures (Figure 5a), as well
modeled the case with a vacancy located in the position of the
chalcogen atom in one layer, and the impurity atom in the other
one (Figure 5b). Such configurations may refer to the case when
each layer is fabricated and processed separately, that leads to
different defects in each layer. Native defects like S vacancies in
MoS2 layers were already distinguished.
[28] These vacancies
behave very similarly both in a monolayer and in the bulk
material slightly changing positions of surrounding atoms.[29]
The substitution of S or Se atoms by Te ones changes the
character of the energy band gaps. The heterostructures become
indirect-gap semiconductors with an exception of WS2/WSe2
possessing direct gap of 0.92 eV at the K-point. In MoS2/MoSe2
and MoS2/WS2 heterostructures, the transitions of 0.72 and
1.00 eV, respectively, occur between the Г- and К-points, while in
MoSe2/WSe2 the gap is increased to 1.10 eV and takes place
between the Г-point and the point lying in the M-K direction.
A comparison of the electronic energy band spectra in the
defect-free (Figure 2) heterostructures and heterostructures
doped by Te atoms (Figure 5) shows that the impurity atoms
suppress the degeneracy and splitting of the energy levels in the© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 7)
Figure 3. Total DOS in MoS2/MoSe2, MoS2/WS2, WS2/WSe2, MoSe2/WSe2 heterostructures with and without Te impurity in each monolayer: the
heterostructures with the mirror arrangement of the monolayers (a) and with the monolayers shifted like in the bulk material (b). Zero on the energy
scale corresponds to the Fermi level.
Figure 4. Partial DOS in MoS2/MoSe2 heterostructures with the mirror arrangement of the monolayers (a) and with the monolayers shifted like in the
bulk material (b). Zero on the energy scale corresponds to the Fermi level.
www.advancedsciencenews.com www.pss-b.com
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Figure 5. Electronic energy bands in MoS2/MoSe2, MoS2/WS2, WS2/WSe2, MoSe2/WSe2 heterostructures with Te atoms substituting the chalcogen
atoms in each monolayer (a) and the impurity atoms and a vacancy in different monolayers (b) shifted like in the bulk material. Zero on the energy scale
corresponds to the Fermi level.
www.advancedsciencenews.com www.pss-b.comconduction band, as well as shift the extrema and a decrease the
band gap.
When both impurity atoms and vacancies are introduced
(Figure 5b), the heterostructures behave in a special way: some of
them exhibit a direct-gap character while the others remain
indirect-gap semiconductors. So far, in MoS2/MoSe2 hetero-
structure the transition of 0.4 eV is indirect occurring between
VBM at the Г-К direction and CBM at the К-point. In MoS2/WS2
heterostructure there is an indirect transition of 0.68 eV between
the Г- and K-points. WS2/WSe2 and MoSe2/WSe2 structures
have direct transitions at the K-point of 0.77 and 0.76 eV,
respectively.
Significant changes in the electronic energy spectra in the
heterostructures due to vacancies andsubstituting impurity atoms
are evident. In the valence band, the dispersion of the bands varies
significantly, andthebandgap tendstodecreaseascompared to theFigure 6. Total DOS in MoS2/MoSe2, MoS2/WS2, WS2/WSe2, MoSe2/WSe2
monolayer, and with Te atoms substituting the chalcogen atoms and the imp
material. Zero on the energy scale corresponds to the Fermi level.
Phys. Status Solidi B 2019, 1800355 1800355 (defect-free structures.Energy levels in thebandgapsare formedby
unsaturated bonds of the atoms near vacancies.
Figure 6 presents total DOS in MoS2/MoSe2, MoS2/WS2,
WS2/WSe2, MoSe2/WSe2 heterostructures with the shifted
monolayers when both layers are doped by Te, as well as when
there are Te atoms only in one of the layers while the other
contains vacancies. New electronic states in the conduction
band appeared in the heterostructures with both impurity
atoms and vacancies if compared to the heterostructures
containing only impurity atoms. The analysis of partial DOS
(not presented) has shown that the electronic states near the
Fermi level are mainly determined by p-electrons of the
chalcogen atoms and d-electrons of the metal atoms located
near vacancies.
The orbital compositions of the eigenstates at the main
extrema points (Γ and K) have been analyzed in order toheterostructures with Te atoms substituting the chalcogen atoms in each
urity atoms and a vacancy in different monolayers shifted like in the bulk
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim5 of 7)
www.advancedsciencenews.com www.pss-b.comunderstand the above changes in the energy bands as well as
for an estimation of the optical feasibility of the direct across-
gap transitions. One should account for that electronic states
forming VBM and CBM are highly delocalized. In some
cases up to 50% of the charge is located in the interstitial
region.
In spite of differences in the atomic composition and
electronic energy band structures, one can trace some common
regularities in the orbital compositions of the defect-free
heterostructures studied. In the case of heterostructures with
the mirror arrangements of the monolayers the upper valence
band at the K-point is mainly composed by dxy and dx2y2 orbitals
of the metal (Mo or W) atoms (of about 30% each) with some
small admixture of px and py orbitals of the chalcogen (S or Se)
atoms (6% each). The upper valence band at the Γ-point includes
dz2 orbitals of the metal atoms (about 50%) with an admixture of
pz orbitals of the chalcogen (S or Se) atoms (of about 20%). There
is a domination of dz2 orbitals of the metal atoms (of about 75%)
with a small admixture of some other orbitals in the lowest
conduction band at the K-point. The shift of themonolayers does
not change a lot the general orbital compositions at the high-
symmetry points considered, while some quantitative variations
are observed. There are no dramatic changes depending on the
direct/indirect-gap character of the band structure.
The heterostructure WS2/WSe2 is found to be the most
promising from a practical point of view. It has a direct gap
independently on the arrangement of themonolayers; the orbital
compositions at the K-point and electronic energy band
structures are quite similar for both cases. The VBM is mainly
characterized by dxy and dx2y2 orbitals of W (28% each) with an
admixture of px and py orbitals of Se (6% each). The CBM is
formed mainly by the dz2 orbitals of W (69%) combined with s-
orbitals of W (6%).
The substitution of S(Se) atoms by Te ones does not radically
affect the orbital composition.
In the other heterostructures with the shift of the monolayers
the upper valence band at the K-point is still mainly
characterized by dxy and dx2y2 orbitals of the metal (Mo in
case of MoS2/MoSe2 or W in other three cases) atoms (of about
30% each). The upper valence band at the Γ-point is composed by
dz2 orbitals of Mo or W atoms (of about 50%) with an admixture
of pz orbitals of the chalcogen (S or Se) atoms (of about 20%). The
CBM at the K-point consists of dz2 orbitals of Mo or Watoms (72
and 65%) in MoS2/MoSe2 and WS2/WSe2 heterostructures,
respectively. Meanwhile, the heterostructures with different
metals (MoS2/WS2 and MoSe2/WSe2) have more complex
orbital compositions. In addition to dz2 orbitals they include dxy
and dx2y2 orbitals of corresponding metals and even px and py
(5% each) orbitals of Te in the doped MoSe2/WSe2 hetero-
structures. Vacancies in addition to Te atoms result in both VBM
and CBM at the K-point to be composed of dxy, dx2y2 (of about
20% each) and dz2 (of about 10%) orbitals ofMo (in case ofMoS2/
MoSe2) or W (for three other heterostructures) atoms.
Hence, the analysis of the orbital compositions performed
shows that the direct band gap (at the K-point) in the considered
heterostructures with and without point defects is mainly
formed by d-orbitals of the metal atoms at both VBM and CBM.
Thus, optical transitions through this gap will be not allowed in
the dipole approximation.Phys. Status Solidi B 2019, 1800355 1800355 (4. Conclusion
The performed computer simulation of electronic properties of
the two-dimensional heterostructures formed by monolayers of
MoS2, WS2, WSe2, and MoSe2 with different acceptable
arrangements of the layers demonstrates them to have
semiconductor properties different to those of individual
monolayers. The heterostructures MoS2/MoSe2, MoS2/WS2,
WS2/WSe2, and MoSe2/WSe2 with the monolayers shifted
identically to the bulk materials behave like indirect-gap
semiconductors, while their building monolayers are direct gap
semiconductors. WS2/WSe2 andMoS2/MoSe2 heterostructures
with mirror stacking of the monolayers retain the direct-gap
character. Joint impact of vacancies and Te atoms substituting
chalcogen atoms lead to a reduction of the energy gap and
preservation of typical for the individual monolayers direct-gap
character only in WS2/WSe2 and MoSe2/WSe2 heterostruc-
tures. The above peculiarities can be used for energy
gap engineering in new electronic devices based on two-
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